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In previous publications (9, 10, 22), we have reported that the 
administration of a mercurial diuretic, mercurophylline (Novurit), 
was followed by a histochemically demonstrable reduction in the 
succinic dehydrogenase activity of rat kidney tubules. The thick 
ascending limbs of Henle’s loops and apparently the straight 
terminal portions of the proximal convoluted tubules were the sites 
of the most pronounced inhibition by this mercurial. The activity 
of the proximal and distal convoluted tubules was less involved. 

Later, two groups of investigators (16, 25, 26) restudied this 
question employing another mercurial diuretic, meralluride sodium 
(Mercuhydrin Sodium). Meralluride caused a marked depression of 
succinic dehydrogenase in the proximal convoluted tubules, while 
other portions of the nephron were little affected. The thick ascend- 
ing portions of Henle’s loops were reported to retain their full 
dehydrogenase activity (25). 

The highly divergent results obtained with these two mercurials 
prompted us to compare the inhibitory properties of six different 
mercurial diuretics and in addition that of mercuric chloride. This 
led to the discovery of the selective inhibition patterns of succinic 
dehydrogenase and of the local necrobiotic changes induced by 
these mercurials. 
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EXPERIMENTAL 


The series examined consisted of 140 male albino rats of the 
Wistar strain, weighing 100 to 125 g. Ten rats and an equal number 
of controls were used for testing the effects of each of the seven 
mercurials. 

The mercurial diuretics used were Novurit »Medica», the brand 
of mercurophylline (control No. 5402), Thiomerin Sodium »Wyetl», 
the brand of mercaptomerin (control No. 1532388), Diurgan »Bayer 
Products Ltd.», the brand of mersalyl (control No. G.C. 420), 
Esidron »Ciba» (control No. 47657), Mercuhydrin Sodium »Lakeside 
Laboratories Inc.», the brand of meralluride (control No. 2371) and 
Neohydrin »Lakeside Laboratories Inc.» (control No. 2401). Novurit, 
Diurgan, Esidron, and Mercuhydrin Sodium contained also a 
molecular equivalent of theophylline. 

The structural formulas of the six mercurial diuretics are pre- 
sented in Table I. All the drugs were used on the basis of a mercury 
content of approximately 40 mg/cc. The mercurials were ad- 
ministered subcutaneously with a microsyringe. The doses used 
corresponded to 7, 15, 30 and 45 mg of mercury per kilogram of 
body weight. In doses of 30 and 45 mgHg/kg, sublimate and 
mersalyl were found to be generally lethal within 24 hours, and 
therefore, their dosage was reduced to correspond to 5, 10 and 
15 mgHg/kg. The rats were fasted throughout the experimental 
period, but water was provided ad libitum. After 4, 6 or 24 hours 
the animals were killed by decapitation without any anaesthesia. 
A piece from the immediately removed kidney was sectioned 
simultaneously with a corresponding control specimen with a 
freezing-microtome at 40 ~. The frozen sections were dipped directly 
from the cooled knife into their respective incubation vials kept 
at a constant temperature of 38°C. The incubation mixture was 
prepared according to Seligman and Rutenburg (19). Neotetra- 
zolium (NT) manufactured by Pannone Chemicals Co., Verona, 
N. J., and blue tetrazolium (BT) from Dajac Laboratories, Mono- 
mer-Polymer Inc., Leominster, Mass., were used. 

In order to demonstrate pathological changes, kidney pieces 
were fixed in 10 per cent formalin, embedded in paraffin, sectioned, 
and stained with hemalum-eosin. Also histochemically demon- 
strable sulfhydryl groups were studied in formalin fixed paraffin 
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sections (13) using Bennett’s (1) reagent (Bios Laboratories Inc., 
New York, N.Y.) as a saturated solution in 80 per cent ethanol. 

Furthermore, the kidneys of some animals of each group were 
examined for alterations in the functioning blood vessels. The 
thioflavin-S-method introduced by Schlegel (18) was applied accord- 
ing to the modification of Oliver and associates (11). Four per cent 
aqueous solution of Thioflavin-S (G. Griibler & Co., Berlin-West) 
was injected intravenously under aether anaesthesia in a dose of 
1 cc/kg within a period of three seconds. The kidney was removed 
at a measured time interval of eight seconds from the beginning 
of the injection, immediately frozen and sectioned at 50 yu. The 
sections were mounted with pure glycerin on non-fluorescent slides 
and examined thereafter with a fluorescent microscope. 

Attempts were made to demonstrate free mercuric-ions splitted 
from the compounds by reducing them with stannous chloride to 
metallic mercury according to the histochemical method proposed 
by Hand and co-workers (4). In addition, efforts were made to 
localize the mercuric-ions by complexing them with diphenyl- 
thiocarbazone (Merck) in an acetone-water solution according to 
the method of Mager et al. (8) originally used for the histochemical 
demonstration of zinc. | 


NORMAL DISTRIBUTION OF SUCCINIC DEHYDROGENASE ACTIVITY IN 
TUBULES OF RAT KIDNEY 


Great difficulties are encountered in the identification of the 
different tubular portions from frozen sections stained with the 
granular deposits of formazan. Although the illustrations of the 
various investigators reveal an identical distribution pattern of 
succinic dehydrogenase, there exist divergent opinions as to the 
nature of the different, more or less active, tubular portions. An 
initial portion of the proximal convoluted tubule seems to display 
an intense activity while the straight terminal portion presents 
only a moderate staining (12). The views begin to differ as regards 
the activity of the thin descending limb of Henle’s loop. According 
to Rutenburg and co-workers (17) the descending limb of Henle’s 
loop reacts most intensely of all tubular segments, whereas the 
majority of investigators (3, 14, 16, 26) deny these segments an 
intense activity. The former view seems to be untenable since the 
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thin limbs lie to a great part in the unstained papilla of rat- kidney. 
Furthermore, when a-glycerophosphate dehydrogenase (14) and 
triphosphopyridine nucleotide diaphorase (3) are demonstrated 
using tetrazolium salts as hydrogen acceptors, the thin limbs are 
delicately delineated from the surrounded tubules by their high 
activity throughout their course, a staining pattern entirely different 
from that seen when succinic dehydrogenase is demonstrated. The 
thick ascending limb of Henle’s loop exhibits a very intense activity 
according to most investigators (3, 14, 16, 26). Rutenburg et al. 
(17), however, attribute only a moderate activity to the thick 
ascending limbs. In any case, an abrupt transition from non- 
reactive tubular segments to thicker highly active tubules is seen 
in the outer medullary zone where the thin limbs of Henle are 
transformed to the thick ascending portions. The view of Padykula 
(12) that this transitional zone which is sharply demarcated from 
the unstained papilla represents an acute decrease in the activity 
of the collecting tubules seems to be untenable. Our earlier ex- 
pression that the loops of Henle bent to re-enter the kidney cortex 
at this level is also erroneous as regards the kidney of the rat. 
The distal convolutions seem to exhibit less of succinic dehydro- 
genase activity than the initial portions of proximal convolutions 
(14), but they are also regarded somewhat more active than the 
proximal convolutions (16). The opinions considering the activity 
of the initial portions of the collecting tubule differ too. Some of 
the investigators ascribe a high activity to this segment (12, 14), 


whereas others regard it as inactive or only feebly active (3, 16, 


17, 26). 

The following distribution of succinic dehydrogenase activity in 
the nephron of rat kidney is presented on the basis of an analysis 
of the pertinent literature and of our own experience gained from 
the thorough examination of some thousands of kidney sections 
incubated for succinic dehydrogenase and from their correlation 
to the routinely stained sections from normal and locally damaged 
kidneys (Fig. 1—17). In the nearest vicinity of the unstained 
glomeruli an apparently initial portion of the proximal convoluted 
tubule exhibited a very intense activity by its dense granulation, 
whereas the activity in the middle part of this convolution was 
somewhat less intense. The straight terminal portion of the proximal 
tubule showed a moderate activity. The thin limb of Henle’s loop 
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was essentially negative while the activity in the thick ascending 
limb was very intense being highest at the beginning of this segment, 
The distal convoluted tubule displayed an intense activity similar 
to that of the middle part of the proximal convolutions and they 
could hardly be differentiated from each other. The collecting 
duct was feebly active in the cortex, being negative in the papilla. 

Attempts were made to ascertain the correctness of the presented 
localization of succinic dehydrogenase activity by macerating in- 
cubated slices in concentrated hydrochloric acid in order to separate 
nephrons by microdissection. The formazans of NT and BT, how- 
ever, dissolved during maceration. 

The three segments of the proximal convoluted tubule with 
different activities of succinic dehydrogenase seem to correspond 
with the three segments which Suzuki differentiated by their ability 
to concentrate intravitally injected lithocarmin (21). 


THE EFFECTS OF THE MERCURIALS ON DIFFERENT TUBULAR SEGMENTS 


The following observations are based on the examination of 
NT-preparations and on their comparison with the hemalum-eosin 


sections. 

The experimental data are summarized in Table II. 

Initial Part of the Proximal Convoluted Tubule. — This part of 
the proximal tubule was least influenced by the mercurials. In the 
doses used only meralluride and neohydrin caused, within 6 hours, 
a clear depression in the very intense succinic dehydrogenase 
activity of this portion. The corresponding hemalum-eosin sections 
revealed slightly to moderately damaged cells in this segment. The 
other mercurials inhibited in a much lesser degree the succinic 
dehydrogenase activity of this initial part. 

Middle Part of the Proximal Convoluted Tubule. — Mercapto- 
merin, meralluride, neohydrin and mersalyl inhibited strongly the 
succinic dehydrogenase of this part of the proximal tubule. The 
highest doses caused a complete lack of formazan staining and 
necrosis in these tubular portions. Esidron, mercurophylline and 
sublimate reduced moderately the succinic dehydrogenase activity 
and caused only slight cellular damage in corresponding doses. 

Straight Terminal Portion of the Proximal Convoluted Tubule. — 
This portion was, in general, most seriously injured by the mer- 
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Fig. 3. — Succinic dehydrogenase 

activity in rat kidney 24 hours after 

administration of mercurophylline in 
a dose of 15 mg/Hg/kg. 50 x. 


Fig. 4. —- The same kidney stained 
with hemalum-eosin. 50 x. 
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lig. 5. — Succinic dehydrogenase 

activity in rat kidney 24 hours after 

administration of mercaptomerin ina 
dose of 30 mg/Hg/kg. 50 x. 


Fig. 6. — 


The same kidney stained 


with hemalum-eosin. 50 x. 


: 


-eosin. 50 


he same kidney stained 
alum 


1 


with hem 


Fig. 8. 


Ae 


50 


Ly 
& 
sé 
= 
SN 


alyl in a dose 


kg. 


at kidney 
g/Hg 


administration of mers 


Succinic 
of 15 m 


activity in r 


‘ 


IV 
— 
I 
= 


y stained 
"4 


Ine 
50 


The same kic 


=) 
= 
= 
a 


Fig. 10 


ase 
after 


a dose 


‘ 
. 


Succinic dehydrogen 
y 24 hours 
idron in 

> mg/Hg/kg. 50 


5 


of 1 


idministration of es 


activity in rat kidne 


Fig. 9. 


‘ 
« 


Fig. 11. -—- Succinic dehydrogenase Fig. 12. — The same kidney stained 
activity in rat kidney 24 hours after with hemalum-eosin. 50 x. 
administration of meralluride in a 

dose of 30 mg/Hg/kg. 50 x. 
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Fig. 13. — Succinic dehydrogenase 
of 15 mg/Hg/kg. 


activity in rat kidney 24 hours 
administration of neohydrin in 


lig. 15. —- Succinic dehydrogenase lig. 16.— The same kidney stained 
activity in rat kidney 24 hours after with hemalum-eosin. 50 x. - 
administration of sublimate in a 

dose of 15 mg/Hg/kg. 50 x. 
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VIII 


lig. 17. — Patterns of selective inhibition of succinic dehydrogenase by different 

mercurial diuretics. At the left, control and mercaptomerin, at the right, 

mercurophylline and meralluride. The treated animals killed 24 hours after 
administration of mercurial diuretics in the dose of 30 mg/Hg/kg. 
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TABLE II 


ANGES CAUSED BY MERCURIALS IN SUCCINIC DEHYDROGENASE ACTIVITY AND IN CELLULAR STRUC- 
TURE OF RAT KIDNEY 


The range of succinic dehydrogenase activity (SD) is numbered from 0 to 3. The numbers indicate 

e intensity of activity (staining): 0 no demonstrable, 0—1 weak (variable), 1 moderate, 2 fairly 
ense, 3 very intense. The changes in cellular structure (CS) are designated as follows: — no 
ernible changes, -+ swelling and occasionally vacuoles, -+- more extended vacuolization, ++ in 
dition, pyknotic nuclei, +-+-+ necrosis. 


Proximal Convoluted Tubule 


Thick Limb} _ Distal 
Straight ot Henle’s | Convoluted 


Initial Middle Teresanl Loop Tubule 


Mercurial 


Duration in 
Hours 


cS CS cS 


H lH | | 


1—2 
1—2 


2 
2 
2 
2 
2 
2 
2 
2 


+HH | | HHH | +HHHHH 


— — 
wre 


9 
SD | sp| cs | sp | cs =. 
pitrols ......|— 3 — 2 1 = | | 
ercurophylline 7 | 24 2 — 1 0 =f 1 =x, 
15 | 24 2 — 1 0 — |1—2| — 
30 |4—6)2—3 — 1—2 0—1 1 — — 
30 | 24] 2 + 1 0 + 0 + |1—2] — 
45 |4—6]2—3 1 0 — |1—2| — 
45] 24] 2 1 0 |4 Oo} + 
ercaptomerin 7 | 24 |2—3 ++ 1 2; — 
15 |4—6/2—3 o—1} ++ 1 2—3} — 2 
15 | 24 2 O—1; ++ 1 — 2 
30 | 24] 2 | +++ | 0-1 + + + 
45 | 24 |1—2 ot +++ 1s + O—1; + + 
ersalyl ......] 5 | 24 1 0(—1)} ++ 2; — 
10 | 24 j2—3 ++ 44045 
15 |4—6]2—3 O—1} ++ |O(—1)}) ++ — — 
15 | 24 2 ++ 0 +++ |1—2) + = 
sidron ......] 7 | 24 ti Oo 2] — 
15 |4—6] 3 1 + — 
15 | 24] 2 +(4) ¢ 1444+ 
30 | 24 2 0—1 0 ji—2) — 
45 | 24 }1—2 = 
meralluride ....| 7 | 24 }O—1}++(+)) 01 +++ 0 +++ 3 + 
15 |4—6] 2] +(+) e ++ |0-1]/++(4) 3] — 
45 |4—6 +(+) +4+(4)) O | +++ — 
eohydrin ....| 7 | 24 + ++ |+++] 2] — 
15 | 24 ++ [+++ jt-3} + | 2 |— ae 
30 | 24 ++ | +++ [0—2) 1-2} — 
ublimate ....] 5 | 24 + 1 2 
10 | 24 + 1 + |O—-1]++(+)1—3} — | 2 | — yy 
15 | 24 4+ oO |} +++ 1-2] + [1-2] + 


10 


curials. Meralluride and esidron inhibited totally the precipitation 
of formazan and induced necrosis throughout the length of this 
portion. The main damage by mercurophylline was located in the 
lowest and that of neohydrin, mersalyl and sublimate in the higher 
parts of the straight portion. These mercurials seemed to affect 
the lowest part of the straight terminal portion in a lesser degree. 
Exceptionally, the action of mercaptomerin on the straight terminal 
portion was relatively slight, its main effect being focused on the 
middle part of the proximal convoluted tubule. 

Thin Segment of Henle’s Loop. — This segment showed no 
demonstrable succinic dehydrogenase activity even in the control 
kidneys. Its cellular structure was not discernibly altered by the 
mercurials used. When necrosis was present in the proximal con- 
voluted tubule casts were often seen in the lumen of the thin 
segment. 

Thick Ascending Segment of Henle’s Loop. — The succinic 
dehydrogenase activity of this segment was in general slightly to 
moderately reduced, especially in its upper part. Mercurophylline, 
however, caused throughout the ascending segment a marked in- 
hibition of activity which was nearly complete within 24 hours. 
Mercaptomerin also affected the activity of the whole thick segment 
but in a lesser degree. In this segment the hemalum-eosin sections 
revealed no noticeable alterations. 

Distal Convoluted Tubule and the Initial Part of the Collecting 
Tubule. — In these tubules no marked inhibition of succinic de- 
hydrogenase and no obvious pathological changes could be observed. 

Summarizing, the main effects of the different mercurials tested 
in our experimental conditions were focused as follows: 

Mercurophylline. — The lowest part of the straight terminal 
portion of the proximal convoluted tubule and the ascending thick 
limb of Henle’s loop (Fig. 3—4). 

Mercaptomerin. — The middle part of the proximal convoluted 
tubule (Fig. 5—6). 

Mersalyl. — The higher parts of the straight terminal portion 
of the proximal convoluted tubule (Fig. 7—8). 


Esidron. — The straight terminal portion of the proximal 
convoluted tubule (Fig. 9—10). 
Meralluride. — The whole proximal convoluted tubule (Fig. 


11—12). 
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Neohydrin. — The straight terminal portion of the proximal 
convoluted tubule except its lowest part (Fig. 13—14). 

Sublimate. — The higher parts of the straight terminal portion 
of the proximal convoluted tubule (Fig. 15—16). 

Meralluride, mercaptomerin, neohydrin and esidron seemed to 
act at a higher level of the proximal convoluted tubule than mer- 
salyl, sublimate and mercurophylline. Correspondingly, the kidneys 
of rats which had received mercurials acting at the high level were 
more swollen and had a pale cortex. 

Functioning Blood Vessels. — The thioflavin-S-method for func- 
tioning blood vessels showed that most of the glomerular tufts in 
kidneys of rats treated with mercurials exhibited thioflavin-S- 
fluorescence but in contrast to the control rats it varied in intensity 
giving a more patchy picture. This indicated that the blood supply 
of some of the glomeruli was insufficient. The different mercurials 
exhibited no noticeable differences in the thioflavin-S-fluorescence 
of the various vascular areas of the kidney. 

Sulfhydryl Groups. — The sections treated with Bennett’s red 
sulfhydryl reagent showed no definite differences as compared with 
the controls. 

Mercuric-ions. — All the efforts to localize free mercuric-ions 
failed even when mercuric chloride was tried to demonstrate. 


COMMENTS 


Sections from all kidneys were also incubated with BT. They 
exhibited a similar staining picture than NT-preparations. The 
observations presented are, however, derived solely from NT- 
sections since they display consistently uniform staining patterns 
in contrast to the occasionally patchy BT-preparations. On the 
other hand, the use of BT showed more clearly the inhibited sites 
since BT does not reveal a weak activity demonstrable with NT. 

Since sulfhydryl groups are readily blocked by mercurials, a 
diminution in sulfhydryls could be expected. This potential change 
could not be detected with the method used, neither with the 
other methods employed earlier by us (10, 22). 
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DISCUSSION 


Considerable work has been done to determine the exact segmc nt 
of the nephron at which mercurials exert their action. Reasonal)ly 
parallel physiologic methods have yielded superficially conflicting 
results, and theoretic constructions based mainly on indirect evi- 
dence have been put forward in support of both proximal and distal 
mercurial action |cf. the review of Pitts and Sartorius (15), and the 
monograph of Vogl (24)]. Weston, Grossman and Leiter (27) have 
stressed that »experimental analysis of renal regulation of sodium 
and chloride excretion is complicated by the fact that the functional 
contributions of the proximal and the distal tubular segments to 
the urinous electrolyte pattern cannot be readily separated. If 
electrolyte transport in one of these tubular sites could be signif- 
icantly depressed without affecting the other it might be possible 
to clarify this tubular division of labor... The mercurial diuretics 
which reversibly inhibit tubular reabsorption of electrolytes and 
water would be valuable tools for such a dissection of tubular 
function if it could be established that such inhibition is localized 
to a particular tubular segment. However, the precise renal locus 
of this action of mercurials has not been unequivocally demon- 
strated.» 

In histologic studies on kidney, corrosive sublimate has been 
found to affect mainly the straight terminal portion of the proximal 
convoluted tubule (2, 11, 20, 21). Using microdissection technique, 
Edwards (2) was able to demonstrate that in rats the lowest part 
of the straight terminal portion was least susceptible for sublimate- 
necrosis. Regarding the action of sublimate the present observa- 
tions concur with those of Edwards. 

A search through literature revealed relatively few histologic 
studies on the renal effects of the organic mercurials used as 
diuretics. Johnstone (6, 7) observed that the administration of 
merbaphen and mersalyl to rabbits produced lesions similar to 
those obtained with sublimate. In our experiments the behaviour 
of mersalyl was also most like of that of sublimate. 

It is assumed that therapeutic doses of mercurial diuretics 
act at the same sites but that their effect is limited to mainly 
functional changes (24). There is ample evidence to indicate that 
mercurial diuretics interfere with certain enzyme systems controll- 
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ing the transport and selective reabsorption of electrolytes from the 
tubular lumen through the cells to the capillary blood, possibly by 
inactivating critical sulfhydryl groups (24). Succinic dehydrogenase, 
a sulfhydryl-requiring enzyme, is apparently involved in the pro- 
duction of energy for these absorption processes. Handley and 
Lavik (5) have demonstrated by manometric methods that the 
administration of meralluride to rats results in a marked decrease 
of succinic dehydrogenase activity in kidney without detectable 
inhibition of the enzyme in the heart and liver. Since this enzyme 
can also be studied with reliable histochemical methods, we have 
chosen it as subject of investigation in an effort to localize the 
action of mercurial diuretics within the nephron of rat kidney. 
Using mercurophylline we have previously (9, 10) found that it 
inhibits the succinic dehydrogenase activity in the medullary 
portions of tubules which are more adequately identified in this 
paper. The later observations of Wachstein and Meisel (25), and 
Rennels and Ruskin (16) regarding the proximal inhibition pattern 
of meralluride were also confirmed by us (23). Further- 
more, the other mercurials tested seem to have peculiar inhibition 
patterns of succinic dehydrogenase at different levels in the tubule 
of rat kidney. In our experimental conditions, a slight to moderate 
depression of succinic dehydrogenase activity preceded micro- 
scopically discernible changes in the tubular cells, and in a later 
stage the marked to complete inhibition was well correlated to 
cellular damage. 

Since the mercurial diuretics used differed only in their organic 
components, it can be assumed that the organic carriers modify the 
action of mercury presumably by influencing its release and path- 
way of excretion. 

The evident functional implications of our observations remain 


to be established. 


SUMMARY 


Mercurophylline, mercaptomerin, mersaly], esidron, meralluride, 
neohydrin and mercuric chloride in single subcutaneous doses of 7 
to 45 mgHg/kg depressed markedly the histochemically demon- 
strated succinic dehydrogenase activity of rat kidney. The main 
inhibition was focused at different levels of the proximal con- 
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voluted tubule. Meralluride inhibited the whole proximal con- 
voluted tubule, mercaptomerin the middle part of it, esidron the 
straight terminal portion and neohydrin, mersalyl and sublimate 
also this portion except the lowest part of it which, on the other 
hand, was inhibited by mercurophylline. Mercurophylline caused 
also a pronounced inhibition in the thick ascending segment of 
Henle’s loop. This segment was only slightly to moderately depressed 
by the other mercurials, as well as the distal convoluted tubule 
which was least influenced. A noticeable inhibition of succinic 
dehydrogenase preceded histological lesions at the corresponding 
sites. The mercurials in the doses used caused also a defect in the 
blood supply of some of the glomeruli as revealed by the thio- 
flavin-S-method for functioning blood vessels. The seven mercurials 
showed no noticeable differences in this respect. The attempts to 
localize free mercuric-ions and changes in sulfhydryl groups were 
unsuccesful. The organic components of mercurial diuretics seem 
to modify the sites where mercury exerts its action in rat kidney. 
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